The bacterial cell wall is composed of the peptidoglycan (PG), a large polymer that maintains the integrity of the bacterial cell. Due to its multi-gigadalton size, heterogeniety, and dynamics, atomic-resolution studies are inherently complex.
Introduction
Magic-angle spinning (MAS) solid-state NMR (ssNMR) spectroscopy has the unique possibility to provide atom-specific insight into (bio-)molecular systems without the need for crystalline or solubilized samples. Over the last 15 years, ssNMR has rapidly grown, and it has enabled the determination of protein 5 structures at atomic resolution, including crystalline proteins (Castellani et al. (2002) ; Bertini et al. (2010) ; Huber et al. (2011); Linser et al. (2011a); Knight et al. (2012) ), amyloid fibrils (reviewed by Comellas and Rienstra (2013) ), membrane proteins (Park et al. (2012) ; Shahid et al. (2012) ; Wang et al. (2013a) ) and large assemblies (Loquet et al. (2012) ; Morag et al. (2015) ; Andreas et al. 10 (2016)). A particularly attractive property of ssNMR is its ability to work with cell membranes (Dick-Perez et al. (2011) ), cell walls (Tong et al. (1997) ; Cegelski et al. (2002 Cegelski et al. ( , 2010 ; Wang et al. (2013b) ; Romaniuk and Cegelski (2015) ) or entire cells (Renault et al. (2010 (Renault et al. ( , 2012 ). The focus of the present manuscript is the bacterial peptidoglycan, a giga-dalton large heteropolymer composed of 15 linear glycan strands composed of two alternating carbohydrates cross-linked through short peptide stems. Unique to bacteria, peptidoglycan biosynthesis and maturation is an important target for antibiotics, and is therefore involved in a multitude of complexes formed with antibiotics, cell wall enzymes, virulence factors and immunity defense systems.
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There are numerous open questions related to the structure and dynamics of peptidoglycan, as well as its interactions with other components of the cell wall or biosynthetic and maturation enzymes. While the chemical structure of peptidoglycan is known, the three-dimensional structure of this extended network is hardly understood (Turner et al. (2018) ; Li et al. (2018) ; Pazos et al. 25 (2017)) and even more so at atomic resolution. Antibiotics are assumed to impact the peptidoglycan saccharidic chain length and chemical cross-linking, and thereby its structure and dynamics. Both perturbations need to be character-ized in details in various organisms. In this respect MAS NMR stands out as the sole technique that provides atomic-resolution insight into structural param-30 eters and dynamics of intact peptidoglycan isolated (Tong et al. (1997); Kern et al. (2010) ) or in interaction with antibiotics or cell wall components (Tong et al. (1997) ; Cegelski et al. (2002) ; Kim et al. (2006 Kim et al. ( , 2008 ; Kern et al. (2010) ).
Furthermore, it is known that this network is highly dynamic, and that it is constantly remodeled by hydrolases and polymerizing or cross-linking enzymes 35 (Pazos et al. (2017) ).
Despite the obvious importance of peptidoglycan not only for fundamental academic research but also for biomedical applications, complexes between peptidoglycan and biosynthetic or maturation enzymes nevertheless have largely escaped so far the high-resolution characterization by most structural biophysi-40 cal methods. NMR has the potential to provide structural information, insight into dynamics, and high-resolution models of peptidoglycan:enzyme complexes (Schanda et al. (2014) ). The structural NMR information may come from the measurement of inter-atomic distances -ideally long-range distances -or dihedral angles; dynamic information may be obtained from dipolar-coupling or re-45 laxation parameters; finally, interaction studies can be based on the observation of altered NMR parameters in the complex compared to the free components, or direct distance measurements between atoms on peptidoglycan and its binding partners (enzymes, antibiotics) . Fundamental to all these NMR approaches is the ability to observe spectra at sufficient sensitivity and resolution. Yet, 50 in NMR studies of complex biomolecular systems, such as peptidoglycan, the primary hurdles often are the limited detection sensitivity, signal overlap and hence limited resolution, as well as difficulties to obtain these biological samples in sufficient quantity with adequate labeling schemes.
Until recently, biomolecular ssNMR studies have been based primarily on 55 the use of 13 C-detected experiments at MAS frequencies of < 20 kHz, using sample rotors with diameters of 3.2 -4 mm and sample quantities of > 20 mg. Obtaining such large amount of sample is often a major bottleneck, but required to achieve sufficient sensitivity in such experiments. Proton-detection has intrinsically higher sensitivity due to the larger gyromagnetic ratio of proteins are of the order of 300-500 Hz (Marchetti et al. (2012) ), which generally excludes extraction of site-specific information and resonance assignment.
High-resolution proton-detected ssNMR spectroscopy of biomolecules has become possible through technological advances, namely on the one hand with the introduction of partial deuteration schemes (increasing inter-proton distances and thus decreasing line broadening due to dipolar-dephasing), and on the other hand with the development of hardware allowing for higher MAS fre- 
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(2012); Zhou et al. (2007b); Linser et al. (2011a) ) and detailed measurements of dynamics (Chevelkov et al. (2009); Tollinger et al. (2012); Schanda et al. (2011); Krushelnitsky et al. (2010) ; Smith et al. (2016) opening new avenues to studies of cell walls of bacterial strains that are difficult to culture. In addition to the fact that the required sample amount is about an order of magnitude lower than for previously used 13 C-detected experiments, the availability of the additional 1 H frequency, alleviates problems due to overlap of 13 C frequencies and offers the possibility to follow cross-linking through 110 amide resonances.
Materials and Methods
Sample preparation. Bacterial peptidoglycan sacculi have been prepared using methods described previously (Severin and Tomasz (1996) ; Kern et al. (2010) buffer (pH 7.2) and filled into a Bruker 0.7 mm rotor using an ultracentrifuge spinning at 55,000 g during ca. 3 hours. To this end, the 0.7 mm rotor was inserted into a 1.3 mm rotor, which was inserted into a device for rotor-filling in an ultracentrifuge (Bruker Biospin).
NMR spectroscopy and data analysis. All experiments were performed on a Bruker Avance 2 spectrometer operating at a 1 H Larmor frequency of 950 MHz.
The MAS frequency was set to 100 kHz and stable to within 5 Hz. Sample cooling was achieved with a cooling gas flow (300 L/h) at 273 K, while bearing and drive gas was at ca. 293 K. The resulting sample temperature under these conditions was determined with an external protein sample with the same MAS 155 and temperature setup, using the bulk water resonance frequency and an internal DSS signal. The estimated sample temperature used in this study was ca. 30-32
• C. Pulse sequences used in this study are shown in Figure 1 . Typical
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• pulse durations were 2.1 μs ( 1 H, at 9 W), 2.7 μs ( 13 C, at 30 W) and 3.8 μs (2008)), i.e., irradiation on 1 H while heteronuclear magnetization is stored along the z-axis, except that the irradiation scheme involved a train of back-to-back pulses with durations of 0.3 to 2 ms and 20 different phase settings.
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The aim of this essentially arbitrary pulse train is to create a 'random' phase trajectory. We find that this sequence offers superior solvent suppression than the original MISSISSIPPI scheme or with TPPM-based suppression schemes.
The total duration of the solvent suppression was optimized and typically 30-60 ms. Radio-frequency driven 1 H-1 H recoupling (RFDR, Bennett et al. (1995)) 175 elements were applied for 1.5 ms. TOCSY-type scalar-based 13 C-13 C transfer, according to the pulse scheme of Figure 1E , was achieved with the DIPSI scheme (Shaka et al. (1988) ) at a 13 C RF field strength of 25 kHz. Two experiments were recorded with either 8 DISPI2 cycles (9.2 ms) or 12 cycles (13.8 ms).
Spectra were processed with Topspin 3.5 (Bruker Biospin) and analyzed with Table S6 ).
To assign the 1 H-13 C correlation spectra, we have recorded through-bond correlation spectra. Figure 1E shows the employed pulse sequence, which uses TOCSY mixing for efficient 13 C -13 C coherence transfer, and the resulting spec-225 tra are shown in Figure 2C ,D and Supplementary Figure S1 . Similarly to the case of proteins (Andreas et al. (2016) ), the 13 C-13 C mixing scheme provides efficient transfer across multiple bonds, within experimental times of only ca.
1.5 days, despite the small amount of sample. These spectra proved particularly instrumental in the specific assignment of amidated vs non-amidated DAP for assignments difficult. We tentatively ascribe this observation to chemical exchange of amide hydrogens with the solvent, as expected for flexible peptides at pH 7.5. We, thus, turned to solution-state spectra of peptidoglycan fragments, prepared by enzymatic digestion, to obtain site-specific assignments, which we further confirmed by homonuclear RFDR experiments (see below).
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Supplementary Figure S4 shows solution-state correlation spectra and experiments enabling the assignment of the 1 H-15 N spectrum. Briefly, the assignment followed well-established solution-state NMR techniques, involving HNCACB, hCCH-TOCSY and hCcoNH experiments. Figure 2B reports the assignments on the 100 kHz MAS spectrum for those peaks that show similar cross-peak po-
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sitions in solution and solid-state samples. Interestingly, while showing several similarities, the spectrum of the intact peptidoglycan sacculi differs in peak intensities and peak positions significantly from the fragments. This observation demonstrates that the structure and dynamics of intact PG differs from those of fragments, illustrating the importance of studying intact samples rather than 250 fragments for gaining insight into the native peptidoglycan properties.
Lastly, we have explored the possibilities of obtaining dipolar (i.e., throughspace) proximities through 1 H-1 H dipolar recoupling experiments with the RFDR scheme ( Figure 1C,D) . Figure 3A shows a two-dimensional 1 H-1 H correlation experiment, and Figure 3B shows a two-dimensional 13 C-edited experi-255 ment which encodes 1 H-1 H contacts, based on the pulse scheme shown in Figure   1D . The latter experiment is particularly useful for the glycan sites, which have 1 H resonance frequencies close to the one of bulk water, such that the residual solvent signal in the homonuclear experiment makes extraction of these signals difficult ( Figure S5B ).
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In these two experiments numerous contacts between protons in spatial proximity are visible. While the majority of the contacts are within the same amino acid or within the same sugar, inter-residue contacts in the amide region of the spectrum in Figure 3A We foresee that ultra-fast MAS NMR experiments will also be instrumental for experiments to provide a more comprehensive picture of such complexes.
The availability of 1 H-detected spectra may also provide useful information about the structure of peptidoglycan. While the 1 H-1 H distances obtained here with RFDR experiments are rather short-range, and thus not likely to provide much structural information, the ease and sensitivity of these experiments shall 295 enable longer-range distance measurements. For example, the attachment of spin labels to specific sites on the peptidoglycan or to interacting proteins may provide rapid and quantitative distance estimates from paramagnetic relaxation enhancement, possibly contributing to refining the view of the structural organization of this important biopolymer.
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This exploratory study also shows that it is possible to obtain "fingerprint" homonuclear 1 H-1 H correlation spectra, i.e., to study complex biological systems without isotope labeling, which opens new fields of applications to NMR spectroscopy in which so far it has been difficult to obtain any atomic-resolution information. at 100
• C for 10 min and non-digested material as well as denatured enzyme were removed by centrifugation for 10 min at 13,000 g. The supernatant was extensively dialyzed against water using a membrane with 500 Da cutoff and the soluble uniformly-labeled peptidoglycan fragments were lyophilized for storage.
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A fresh NMR sample was prepared by solubilizing the peptidoglycan fragments in water containing 10% D 2 O. pH was adjusted to 7.0 using diluted NaOH solution.
Solution-state NMR spectroscopy
Solution-state NMR spectra were acquired on Agilent 600-or 800-MHz spec- (2007)), 2D hCcH-TOCSY ((Hu et al. (1998) ), and 2D hCconH (Sun et al. (2005) ) experiments.
Data were processed with NmrPipe (Delaglio et al. (1995) ) and analyzed in Ccp-
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Nmr (Vranken et al. (2005) 1 H-13 C correlation spectra of intact B. subtilis peptidoglycan, recorded with the pulse sequences shown in Figure 1A and 1B of the main text, respectively, at 100 kHz MAS frequency.
The CP-based spectrum, in red in panels A and C, is superimposed with the INEPT-based hCcH-TOCSY experiment in black collected with a long 13.8-ms 13 C-13 C transfer, while the Figure 3B and collected using the sequence depicted in Figure 1D . (B) Full HH-RFDR spectrum collected using the sequence depicted in Figure 1C .
This sequence uses a water flip-back pulse to alleviate the problem of water suppression for this peptidoglycan sample prepared in water. Its application results in a ca. 3-4 fold reduction of the solvent signal. Despite the very strong out-of-phase residual solvent signal in the center of the spectrum, key correlations for the assignment can be detected in the amide-to-aliphatic region. 
